A possible role of p53-dependent transcription in the induction of DNA repair was explored by transfecting a UV-irradiated chloramphenicol acetyl transferase (CAT) reporter plasmid (pRGC.FOS.CAT), containing a minimal FOS promoter driven by a consensus p53 binding site, into a p53 negative-mouse cell line [(10)1]. When a p53-expressing plasmid (pSV.p53) was cotransfected into these cells, CAT expression levels persisted even after prolonged UV irradiation. In comparison, CAT expression from pSV2.CAT, which lacks a p53-responsive element in its SV40 promoter, dropped o much more precipitously after UV irradiation in the absence or presence of WT p53 expression. A similar sharp drop was observed with three other constructs when the reporter gene was under the control of the ras, b-actin or fos promoter. Mouse cells (A1-5) that constitutively express a temperature-sensitive mutant (135 AV) of mouse p53 also generated, at 328C, higher levels of enzyme expressed from UV-irradiated pRGC.FOS.CAT than from UV-irradiated pSV2.CAT. The frequency of cyclobutane pyrimidine dimers in UV-irradiated pRGC.FOS.CAT was determined with T4 endo V, and the probability of having an undamaged CAT coding strand was calculated by the Poisson distribution for various times of UV-irradiation. The observed relative CAT expression levels from irradiated pSV2.CAT and pRGC.FOS.CAT in the absence of p53 were consistent with those numbers. These results show that WT p53-mediated transcription directs a resistance of the transcribed DNA to UV inactivation and reactivates the reporter gene. Furthermore, some single point substitution mutants of p53 that maintain a near normal ability to activate transcription had lost their ability to extend CAT gene expression after UV irradiation. Conversely, other mutants with reduced transcriptional activity retained this ability. This indicates that although resistance to UV inactivation is transcriptionally-dependent, these two activities are genetically distinct. These data, taken together, suggest that the transcription of UV-damaged DNA by a p53-dependent process promotes its repair.
Introduction
The p53 protein possesses an impressive array of biological and biochemical activities. As a tumor suppressor, p53 inhibits the oncogenic potential of cellular and viral oncogenes (Werness et al., 1990; Zambetti et al., 1992; Pietenpol and Vogelstein, 1993) . It acts as an important checkpoint control during the cell cycle (Lin et al., 1992) by inducing a transient G1 arrest in response to certain environmental insults (Kastan et al., 1991; Kuerbitz et al., 1992) . p53 is also involved in programmed cell death, or apoptosis, induced by chemotherapeutic agents and certain oncogenes (Lowe et al., 1993; Clarke et al., 1993; Caelles et al., 1994) . At the biochemical level, p53 is an activator of transcription on genes containing a p53 binding element (Kern et al., 1991 (Kern et al., , 1992 . p53 binds to its consensus binding site through the central core domain (Wang et al., 1993) and carries out its transcriptional activation through the N-terminal region (Unger et al., 1992) . On many other genes lacking this element, p53 functions as a repressor of transcription by associating with TBP, the TATA binding protein of the transcription factor TFIID (Liu et al., 1993; Seto et al., 1992) .
When cells are exposed to genotoxic agents (i.e. by irradiation), p53 levels rise by a posttranslational mechanism (Kastan et al., 1991) . This newly synthesized p53 activates a number of genes that contain a p53 responsive element, including p21 waf/cip1.sid1/mdab , GADD45 and MDM2 (El-Deiry et al., 1993; Kastan et al., 1992; Perry et al., 1993; Chen et al., 1994) . Both p21 and GADD45 inhibit cellular DNA replication by inactivating cyclin-dependent kinase (Harper et al., 1993) or inactivating PCNA (Li et al., 1994; Smith et al., 1994) . As a consequence. cells are presumed to have time to repair their damaged DNA before undergoing division.
In addition to its role in controlling the cell cycle after DNA damage, there is evidence that p53 may be involved in DNA repair. Damage in actively transcribed mammalian genes is repaired faster than it is in non-transcribed genes (Bohr et al., 1985) . Furthermore, repair takes place preferentially on the transcribed strand (Mellon et al., 1987) . The link between transcription and repair is evident in transcription factor TFIIH/BTF2. This multi-subunit complex functions in both DNA excision repair (Drapkin et al., 1994a) and in promoter clearance during transcription initiation (Goodrich and Tjian, 1994) . In yeast, two dierent forms of TFIIH have been described: a three component holoenzyme that functions in transcription and a repairosome that is missing the protein kinase component and contains instead, several gene products involved only in nucleotide excision repair (Svejstrup et al., 1995) . Five of the subunits of the mammalian core TFIIH factor, p89/XPB/ERCC3 (Schaeer et al., 1993) , XPD/ERCC2 , p62 , p34 and p44 , have been implicated in DNA excision repair activity as well as in transcription. It has been demonstrated that p53 binds to p62 (Xiao et al., 1994) , p89/XPB/ERCC3 (Wang et al., 1994) and XPD/ERCC2 , components of the basal transcription and nucleotide excision repair factor TFIIH/BTF2 (Schaeer et al., 1993; van Vuuren et al., 1994) .
Given the association of p53 with components of the DNA repair and transcription systems, we investigated, in this study, a possible active role of p53 in the repair of UV-damaged DNA. We asked if a reporter gene under the control of a p53 inducible promoter (pRGC.FOS.CAT) continues to be expressed in cells containing functional p53 after the reporter plasmid has been damaged with UV light. By comparing chloramphenicol acetyl transferase (CAT) reporter gene expression levels from this p53-regulated promoter with those from p53-independent promoters, we provide evidence that p53 reactivates the reporter gene in a transcriptionally-dependent way. Our interpretation is that p53 directly induces the repair of DNA it promotes for transcription. Furthermore, by analysing various single point substitution mutants of p53, we demonstrate that p53-mediated transcription and this putative repair activity are genetically separable.
Results
Resistance of a p53-driven reporter gene to UV inactivation in the presence of WT p53 pRGC.FOS.CAT (Farmer et al., 1992) , which contains a CAT reporter gene under the control of a minimal FOS promoter and the human RGC binding site for p53, was irradiated with UV light and transfected into p53-negative mouse (10)1 cells (Harvey and along with an expression plasmid for mouse p53 (pSV.p53) (Tan et al., 1986) . Expression of the reporter gene was measured by assaying the levels of CAT enzyme 48 ± 60 h after transfection. As an initial control, we transfected another UV-irradiated CAT reporter plasmid under the control of the SV40 early promoter (pSV2.CAT) into (10)1 cells but without the p53-expressing plasmid. In the absence of UV irradiation, both reporter plasmids expressed similar levels of CAT enzyme ( Figure 1a , lanes 1 and 11). With increasing UV doses, CAT expression levels dropped precipitously from pSV2.CAT ( Figure 1a , lanes 11 ± 15), but signi®cantly more slowly from pRGC.FOS.CAT ( Figure 1a , lanes 1, 3, 5, 7 and 9). A UV treatment of 20 min dropped CAT levels to 12% of the unirradiated control for pSV2.CAT and 81% for the RGC CAT plasmid (Figure 1b) . After 40 min of UV irradiation, these values were 0.5% and 51%, respectively (Figure 1b ). In the absence of p53 and UVirradiation, CAT expression from pRGC.FOS.CAT was very low (Figure 1a , lane 2), demonstrating the p53-dependent property of this promoter construct. Careful quantitation of the small signal obtained from this plasmid in the absence of p53 showed that expression of CAT decreased with increasing UV dose by kinetics very similar to those of pSV2.CAT ( Figure  1b) . These experiments, therefore, showed that the expression of p53 in cells transfected with the RGC reporter plasmid resulted in a resistance to UV-induced gene inactivation.
Determination of the damage to pRGC.FOS.CAT by UV treatment
To determine the amount of UV-induced DNA damage under the conditions used, we analysed the frequency of cyclobutane pyrimidine dimers (CPDs), the major photoproducts produced by UV light. Pyrimidine dimers constitute a form of bulky lesions
CAT expression from UV-irradiated pRG.FOS.CAT (lanes 1 to 10) and pSV2.CAT (lanes 11 to 15) in mouse (10)1 cells. pRGC.FOS.CAT was left untreated (lanes 1 and 2) or was UV-irradiated for various times (lanes 3 and 4, 20 min; lanes 5 and 6, 40 min; lanes 7 and 8, 80 min. lanes 9 and 10, 120 min) and cotransfected with 10 mg of either wt p53-expressing plasmid pSV.p53 (lanes 1, 3, 5, 7, 9) or salmon sperm DNA (lanes 2, 4, 6, 8, 10) in DNA, which are repaired by a nucleotide excision mechanism (Link et al., 1991; Bohr, 1991) . The frequency of these lesions was estimated by the use of T4 endonuclease V, which is pyrimidine dimerspeci®c, and has both DNA glycosylase and AP endonuclease activities (Radany and Friedberg, 1980) . Treatment of irradiated plasmid with puri®ed enzyme leads to single-strand nicks at the sites of the lesions. After denaturation, the DNA strands were separated on a 1% alkaline agarose gel and their average size was calculated after densitometric analysis ( (Table 1) . By the Poisson distribution, the probability of having an undamaged CAT coding strand is 16% and 8.3%, respectively. The observed relative CAT expression levels from irradiated pSV2.CAT and pRGC.FOS.CAT in the absence of p53 (Figure 1b ) are close to these numbers with an average of 13% for 20 min and 2% for 40 min of irradiation. However, in the presence of p53, UVtreated pRGC.FOS.CAT generates a much higher level of relative CAT expression (81% and 51%) (Figure 1b) , indicating a signi®cant level of resistance to UV inactivation and reactivation of the CAT gene.
In vitro transcription of UV-irradiated pRGC.FOS.T7.CAT To determine if UV-irradiation prevents transcription of the DNA as expected, we examined the eect of UV irradiation on RNA synthesis by T7 RNA polymerase. pRGC.FOS.T7.CAT was generated from pRGC.FOS.CAT by inserting a second T7 promoter. In this plasmid, one T7 promoter lies just upstream of the CAT coding sequence and the other is just downstream of the 3' untranslated region. Digestion with BseRI cuts the DNA between the two T7 promoters, and subsequent in vitro transcription produces two transcripts, but of dierent sizes, from the upstream and downstream promoters of the CAT gene region (1.05 kb and 0.65 kb, respectively). As expected, both products were severely reduced after UV-irradiation (Figure 2) . The results show that T7 RNA polymerase cannot bypass lesions on the UVirradiated DNA template during RNA synthesis and demonstrates that UV-irradiation essentially inactivates its ability to be transcribed in vitro and by inference, in vivo. In vitro transcription of UV-irradiated pRGC.FOS.T7.CAT. pRGC.FOS.T7.CAT was UV-irradiated for various times (0, 10 and 20 min). Before in vitro transcription, the DNA templates were treated with BseRI that cuts in the region between the two T7 promoters. Therefore, both T7 promoters support transcription in one reaction but produce transcripts of distinct sizes Figure 3 Eect of UV-irradiation on CAT enzyme levels from pRAS.CAT, pb-ACTIN.CAT and pFOS.CAT in the presence or absence of p53, and from pRGC.FOS.CAT in the presence of p53. All plasmids were simultaneously UV-treated for various times (0, 20, 40 min) and transfected alone or cotransfected with 1 mg of wt pSV.p53 into (10)1 cells. CAT gene expression levels were measured as described in Figure 1a p53 and UV inactivation J Huang et al CAT expression from three other p53-independent reporter constructs We examined three other reporter plasmids lacking a p53-responsive element to determine if the observed resistance of the RGC.FOS.CAT gene to UV inactivation truly relied on a p53-dependent mechanism. We used three dierent CAT constructs driven by promoters from the ras, b-actin and fos genes, none of which contain a p53-binding element (Chin et al., 1992; Ginsberg et al., 1991) . In all three cases, irradiation of the reporter plasmids decreased CAT expression to values similar to what was observed for pSV2.CAT (Figure 3) , suggesting that the p53-responsive element played a central role in the observed resistance to UVinactivation.
Link between p53-mediated transcription and resistance to UV-inactivation Our next question was to ask whether, under the conditions used, p53 increased the general cellular repair level or if the observed resistance to UV inactivation was limited to DNA transcribed by a p53-dependent process. To answer this question, we transfected UV irradiated pSV2.CAT or the ras, bactin or fos reporter plasmids in the presence of pSV.p53. If p53 signi®cantly stimulated the general level of DNA repair, all of these UV-inactivated plasmids would express sustained levels of CAT enzyme in the presence of p53. However, coexpression of p53 in (10)1 cells had no apparent effect on these p53-independent plasmids (Figures 3 and 4).
Our conclusion, therefore, was that p53 stimulates a resistance to UV inactivation of only the DNA that it promotes for transcription.
A temperature-sensitive mutant p53 in A1-5 cells promotes resistance to UV inactivation
In the experiments described so far, p53 was made by transfection with an expression plasmid. To determine if the same results could be obtained when p53 is expressed from a stably transfected gene, we turned to A1-5 cells that make a temperature-sensitive mutant form (135AV) of murine p53 (Finlay et al., 1988) . At 378C, the cells are highly transformed because the p53 is in a mutant conformation, whereas at 328C, the cells atten out and cell division is inhibited because the p53 is in the WT conformation (Martinez et al., 1991) . UVirradiated pRGC.FOS.CAT or pSV2.CAT was transfected in these cells and the cells were shifted to 328C for 48 h before measuring reporter gene activity. Our results showed that CAT expression from pRGC.FOS.CAT was more resistant to UV inactivation than it was from pSV2.CAT ( Figure 5 ). Therefore, we conclude that the p53 made in A1-5 cells functions in promoting resistance to UV inactivation in a similar way as WT p53 transiently expressed in (10)1 cells.
Dissection of transcriptional activity from resistance to UV-inactivation by p53 mutations
The ability of p53 to stimulate resistance to UV inactivation is tightly linked to the ability to activate transcription. We wondered if it were possible to genetically dissect these two activities. Our lab has previously described the construction and characterization of a number of mutant p53s generated by sitedirected mutagenesis of the region corresponding to conserved region II of murine p53 (Schmieg and Simmons, 1993) . This region is in¯uential in preserving the correct conformation of the protein and is therefore very sensitive to inactivating mutations (Finlay et al., 1988; Raycroft et al., 1991; . Some of the mutations that we generated aect transcriptional activity, others do not (Zhao et al., 1994) . We therefore introduced these various mutant genes (in pSV.p53) into (10)1 cells along with untreated or UV irradiated pRGC.FOS.CAT. Table 2 shows the relative ability of these mutant p53s to transactivate the RGC Fos promoter in nonirradiated DNA. The eect of UV dose on CAT expression was then determined for each mutant in comparison to the nonirradiated control (Table 2 and Figure 6 ). Interestingly, several mutants (127LI, 128NT and 130LI), with near normal ability to activate transcription, were unable to sustain CAT expression levels like WT p53. This indicated to us that these mutants are unable to induce resistance to UV inactivation. These three mutant proteins belong to the previously described class 3 (Schmieg and Simmons, 1993), corresponding to p53s that are structurally normal as determined by antibody reactivity, but are unable to bind to SV40 large T antigen. Mutants 128NT and 130LI also bind to the RGC sequence normally (mutant 127 LI was not tested) (Table 2) . Conversely, two mutants (133QN and 138CY), which are moderately impaired in their ability to activate transcription (Table 2) , retained the ability to induce resistance to UV inactivation as judged by the sustained expression of CAT after UV irradiation of the reporter plasmid for 20 min (Table 2 and Figure 6 ). It should be pointed out that all the data representing the resistance to UV inactivation were measured by normalizing the CAT activity to its nonirradiated control. The percentages listed in Table 2 and Figure 6 re¯ect the level of resistance relative to the ability to activate transcription. These data indicate that although resistance to UV inactivation is dependent on p53-mediated transcription, it can be inactivated by mutations independently of transcription. Eect of UV-irradiation on CAT activity from pRGC.FOS.CAT in the presence of wild-type or mutant forms of p53. Untreated or UV-irradiated pRGC.FOS.CAT was cotransfected with 1 mg of wild-type or mutant forms of pSV.p53 into (10)1 cells, CAT enzyme levels were measured as described in Figure 1a p53 and UV inactivation J Huang et al
Discussion
We utilized a host cell reactivation system to investigate a possible role of p53-mediated transcription in the repair of UV-damaged DNA. In the experiments described here, plasmids, not cells, were irradiated with UV. As a consequence, cells maintained their normal physiological state and were not stressed to undergo apoptosis. We were therefore able to measure the eect of p53 on the expression of a single damaged gene in the absence of other genetic alterations. Our observation was that a reporter gene under the control of a p53-inducible promoter was more resistant to UV inactivation than the same reporter gene controlled by non p53-driven promoters. Importantly, the level of CAT gene expression from pRGC.FOS.CAT in the presence of p53 was signi®cantly higher than what would be expected on the basis of the percent undamaged DNA (Table 1) or transcription in vitro by T7 RNA polymerase ( Figure  2 ). This indicated that the CAT gene was reactivated in transfected cells. Both (10)1 and A1-5 cells were able to host resistance to UV inactivation when expressing p53.
Our data demonstrate that transcription from a p53-driven promoter in the presence of p53 provides resistance to UV inactivation. p53 had no such eect on promoters lacking a p53 recognition element such as the SV40 early promoter, or those from ras, fos, and b-actin genes. The experiments we describe with mutant forms of p53 show that p53-mediated activation of transcription and this resistance to UV inactivation are separable. Three mutants (127LI, 128NT and 130LI) with near normal ability to activate transcription had lost their ability to promote resistance to UV inactivation. Further, two other mutants (133QN and 138CY) with severely diminished transcriptional activity retained this function in proportion to their ability to activate transcription. The ®rst three mutants appear to be structurally normal as judged by reactivity with conformationallysensitive monoclonal antibodies (Schmieg and Simmons, 1993) . These mutants are, therefore, most likely defective in some speci®c activity needed to promote resistance to UV inactivation.
We considered whether the observed dierences in resistance to UV inactivation between pRGC.FOS.CAT and the three p53-independent plasmids we used was due to a dierence in sensitivity of their promoter regions to UV damage. We therefore analysed the number of thymidine repeat (TT) in each promoter and identi®ed 35, 47, 13, 38 and 38 in pRGC.FOS.CAT, psV2.CAT, pRAS.CAT, pActin.CAT and pFOS.CAT, respectively (35). It is clear from these numbers that there is no correlation between resistance to UV damage and number of TT repeats in the promoter regions.
There are several possible ways to explain our observations. One possibility is that the transcription machinery reads or skips over regions containing thymine dimers in the DNA. We consider this very unlikely because it has been demonstrated that a cyclobutane pyrimidine dimer located on the template strand, but not on the nontranscribed strand, blocks transcriptional elongation and arrests the RNA polymerase at the site of the lesion (Protic-Sabljic and Kraemer, 1985; Sauerbier and Hercules, 1978; Selby and Sancer, 1990; Donahue et al., 1994) . At best, this would result in the production of truncated and therefore inactive CAT enzyme. Our experiment demonstrating that UV-irradiation severely depresses transcription in vitro agrees with this interpretation. A second possibility is that p53 induces posttranscriptional stabilization of the CAT message or facilitates its migration to the cytoplasm. This is also unlikely because p53 would be expected to have this eect on every CAT mRNA regardless of the promoter from which it was made. Furthermore, it has been shown that CAT enzyme values correlate with the amounts of CAT gene transcripts (Gorman et al., 1982b) . A third possible explanation is that p53 induces a recombinational event that results in the production of some functional molecules. However, to maintain genetic stability, p53 has an inhibitory role on recombination through its association with Rad51 recombination factor (StuÈ rzbecher et al., 1996) and is not required for recombination to proceed (Wiesmueller et al., 1996; Mekeel et al, 1997; Bertrand et al., 1997) . A fourth possible explanation of our data is that the transfected reporter gene plasmid becomes resistant to degradation in vivo because p53 is bound to it. This might lead to continued expression of CAT gene even after UVirradiation. However, there are two reasons why this explanation is unlikely. First, it does not explain how the CAT gene is reactivated in vivo. UV-irradiation of pRGC.FOS.CAT for 20 min resulted in 16% undamaged DNA (Table 1) , in contrast to the 84% relative CAT activity obtained from UV-treated pRGC.FOS.CAT in the presence of WT pSV.p53 (Figure 1b) . Second, it is inconsistent with the fact that p53 mutants (128NT and 130LI) fail to support resistance to UV inactivation yet can activate transcription at close to WT levels (Table 2) and can bind to the RGC sequence normally ( Table 2 ). The use of nonreplicating plasmids also allows us to exclude the possible involvement of DNA replication in altering the levels of CAT enzyme.
The most likely explanation of our data is that the observed resistance to UV inactivation is due to a DNA repair process on the damaged reporter gene. Since UV-induced DNA lesions strongly block transcription, these lesions must be repaired in order for the CAT gene to be expressed. Thus, when the DNA is damaged, the level of CAT expression re¯ects the extent to which a transcribed gene is repaired (Protic et al., 1988) . To be consistent with our results, the repair process must be dependent on p53-mediated transcription. Mutants 127LI, 128NT and 130LI would be interpreted as having near normal ability to activate transcription but de®cient in promoting DNA repair. The other two mutants (133QN and 138CY) , which activate transcription poorly but promote a WT level of normalized resistance to UV, would be considered normal in this repair activity. Any transcription they are able to carry out would be subject to a normal repair process. In this model then, DNA repair is a separate, distinct activity of p53 but is dependent on p53-driven transcription.
Our model that p53-mediated transcription promotes a repair process on damaged DNA is consistent with a number of published studies. In both eukaryotes and prokaryotes, nucleotide excision repair is tightly p53 and UV inactivation J Huang et al linked to transcription with repair taking place preferentially on the transcribed strand (Link et al., 1991; Bohr, 1991) . UV-induced pyrimidine dimers are normally removed signi®cantly faster from the transcribed strand of active genes than the non-transcribed strand (Hanawalt, 1994; Mellon et al., 1987) . There is increasing evidence indicating that p53 may have a role in nucleotide excision repair in response to cell damage. Several investigators have demonstrated that DNA repair is reduced after UV treatment of cells lacking wild-type p53 function (Smith et al., 1995 (Smith et al., , 1996 Ford and Hanawalt, 1995; Yuan et al., 1995; Havre et al., 1995) . Moreover, most of the data is consistent with the interpretation that p53 de®ciency aects transcription-coupled nucleotide excision repair Smith et al., 1996) . In agreement, McKay et al. (1997) have recently suggested that a UVdamaged reporter gene was repaired by a p53-mediated transcription-coupled process in UV-treated and heat shocked cells. Others have demonstrated that p53 interacts with components of the DNA repair machinery. For instance, p53 binds to three components of the transcription and nucleotide excision repair factor TFIIH, including p62 (Xiao et al., 1994) , p89/XPB/ERCC3 (Wang et al., 1994) and XPD/FERCC2 . Furthermore, there is a functional link between TFIIH and p53-mediated transcription. TFIIH-associated kinase activity can phosphorylate p53 and enhance the ability of p53 to bind speci®cally to DNA (Lu et al., 1997) . Phosphorylation is believed to be a regulatory mechanism by which p53 becomes stabilized and activated for transcription (Hupp and Lane, 1994; Wang and Prives, 1995) . Importantly, the product of the CS-B/ERCC6 gene, which functions in transcription-coupled strand-speci®c DNA repair (Troelstra et al., 1992) , has also been found to associate with p53 . p53 also binds to RPA (Dutta et al., 1993) , which is a single-stranded protein required for mammalian nucleotide excision repair (Coverley et al., 1991) . Together, these observations coupled with our data strongly suggest that p53 has a central role in nucleotide-excision repair. On the other hand, Ford and Hanawalt (1995) have argued against a role for p53 in transcription-coupled repair. They found that Li ± Fraumeni syndrome (LFS) cells bearing homozygous p53 mutations were defective in overall genome repair but exhibited normal transcription-coupled repair of the transcribed strand. However, subsequent reports from two laboratories indicated that LFS cells were in fact de®cient in the preferential strand-speci®c repair of transcriptionally active genes as well as in overall genome repair in response to UV irradiation (Mirzayans et al., 1996; McKay et al., 1997) . The inability of Ford and Hanawalt (1995) to detect a de®ciency in transcription-coupled repair was attributed to the complex phenotype of LFS cells (Mirzayans et al., 1995 (Mirzayans et al., , 1996 , or to a dierence in cell treatment or experimental techniques (McKay et al., 1997) .
The mechanism by which p53-mediated transcription could promote nucleotide excision repair remains to be determined, however, there are a number of clues in the literature. It is likely that the blocked transcription complex serves as a molecular signal for damage recognition when it stalls on a damaged template strand . p53 is known to bind to certain DNA lesions directly (Lee et al., 1995; Jayaraman and Prives, 1995) , suggesting that it participates in damage recognition. The binding of p53 with CSB is consistent with a role of p53 in damage recognition because CSB, together with CSA, are thought to ®rst recognize the stalled transcription complex (Hanawalt, 1994; Selby and Sancar, 1994; Drapkin et al., 1994b) . Repair of damaged DNA could also be enhanced by the association of p53 with RPA, which, in complex with the XPA gene product (He et al., 1995) , is believed to be recruited next to the site of the lesion (Hanawalt, 1994; Selby and Sancar, 1994; Drapkin et al., 1994) . The TFIIH repairosome is thought to be targeted to the DNA at this point, probably through its association with XPA (Park et al., 1995) . The binding of p53 to three components of the TFIIH repairosome would further facilitate its recruitment to damaged DNA and promote the next steps in the repair process.
Based on our observations, we speculate that damage on p53-responsive genes might be repaired before lesions on other genes. This would require either that p53 remain associated with the transcription machinery during p53-dependent transcription, that the elongation complex is speci®cally altered or modi®ed by p53, or that the p53 at the vicinity of the promoter is responsible for accelerating the repair process. There may be as many as 200 ± 300 p53 consensus binding sites in the human genome (Tokino et al., 1994) . Whether p53 actually activates transcription from this many genes remains to be seen, but, if this is the case, there could be a large number of genes that are preferentially repaired in response to UV damage. Interestingly, these would include p21, an inhibitor of cdk2 kinase (El-Deiry et al., 1993), GADD45, which appears to stimulate excision repair , and MDM2, a negative regulator of p53 (Juven et al., 1993) . These three genes contain a p53 responsive element upstream of the promoter or within introns (El-Deiry et al., 1993; Kastan et al., 1992; Juven et al., 1993) . Even the p53 gene itself is transcriptionally regulated by p53 (Dee et al., 1993) . Both p21 (Li et al., 1994; Waga et al., 1994) and GADD45 (Smith et al., 1994) can associate with proliferating-cell nuclear antigen (PCNA), an auxiliary factor for repair-associated DNA polymerases d and e (Shivji et al., 1992) .
One apparent discrepancy between our data and those of others (Smith et al., 1995 (Smith et al., , 1996 Li et al., 1997) pertains to the general level of DNA repair occurring in the presence of p53. Using a host cell reactivation system, pro®cient repair of UV-damaged pSV2.CAT was observed in human colon carcinoma RKO cells containing WT p53 gene (Smith et al., 1995 (Smith et al., , 1996 , and similar results were obtained from UV-damaged pCMV.CAT in primary murine keratinocytes also containing WT p53 (Li et al., 1997) . In contrast, we failed to detect a sustained level of CAT enzyme expression from any of the UV-irradiated, p53-independent reporter constructs when p53 was expressed in (10)1 cells. Neither did A1-5 cells support any reactivation of UV-irradiated pSV2.CAT. One obvious dierence is the use of dierent cell lines. The dierentiation state of our cell lines may be an important factor because Li et al., (1997) demonp53 and UV inactivation J Huang et al strated that p53-regulation of DNA repair in keratinocytes is dierentiation-dependent. Another dierence is that we introduced p53 into (10)1 cells by transient transfection or relied on a temperaturesensitive mutant form of p53 in A1-5 cells, whereas these investigators made use of endogenous wild-type p53 (Smith et al., 1995 (Smith et al., , 1996 Li et al., 1997) . Because of these dierences, it is dicult to make any conclusions from our data about the role of p53 in general repair. However, we believe that the experimental conditions that we used allowed us, in some way, to observe only the immediate repair response on p53-responsive genes and it is likely that p53 is also involved in global repair.
Our model that p53 plays an important role in nucleotide-excision repair of p53-responsive genes implies that organisms have developed a strategy to temporally regulate the DNA repair process in response to cellular stress. We suggest that p53-responsive genes are the ®rst to be repaired because some of these genes are important for activating general repair and because their activities are crucial to the survival of the cell.
Materials and methods
Plasmids pSV.p53wt is the same as p11-4 (Tan et al., 1986) and contains the entire SV40 early promoter inserted next to the wild-type mouse p53 cDNA derived from F9 teratocarcinoma cells. pSV.p53mts express mouse p53 mutants with missense mutations in conserved region II (residues 127 ± 138) (Schmieg and Simmons, 1993) .
pRGC.FOS.CAT is the same as pfos1wt (Farmer et al., 1992) , and contains the 753 to +42 fos promoter sequence and a CAT reporter gene directly downstream from the RGC p53-binding sequence 5'-GTTGCCTGGACTTGCCTGGC-CTTGCCTTTTC-3'.
pRGC.FOS.T7.CAT was generated from pRGC. FOS.CAT by inserting a pair of oligonucleotides into the XbaI restriction enzyme site. The oligonucleotide fragment contains a bacteriophage T7 promoter and has XbaI sites on both ends.
5' CTAGATAATACGACTCACTATAGGGT
3' 3'
TATTATGCTGAGTGATATCCCAGATC 5' pSV2.CAT contains a CAT reporter gene under the control of the SV40 early gene regulatory sequence and linked on the 3' end to the SV40 polyadenylation addition site (Gorman et al., 1982a) . The plasmids pRAS.CAT, pb-ACTIN.CAT and pFOS.CAT contain dierent promoters on the 5' side of the CAT gene. pRAS. CAT has a 551 bp NaeI fragment containing the promoter from the human Harvey ras proto-oncogene (Ishii et al., 1985) . pb-ACTIN.CAT has a 339 bp HinfI fragment containing the chicken b-actin promoter (Quitschke et al., 1989) . pFOS.CAT contains the sequence from 7356 to +109 of the human c-fos gene (Robbins et al., 1990) .
UV treatment of plasmids
The plasmids were diluted with sterile distilled water to a concentration of 50 mg/ml and 2 ml of each DNA solution was pipetted into a sterile 60-mm tissue culture dish. Plasmids were irradiated with an un®ltered 25 W germicidal lamp (G25T8, General Electric). UV-irradiated plasmids were immediately used in transfection assays or treated with T4 endo V to quantitate the level of pyrimidine dimers.
Cell cultures
(10)1 cells arose spontaneously during the immortalization of murine BALB/c primary embryo ®broblasts (Harvey and . This cell line has large deletions in the 5' region of both p53 gene alleles and appears null for p53 transcripts and protein expression.
A1-5 cells were derived from primary rat embryo ®broblasts by transfection with an activated ras oncogene (T24) and a p53-expressing plasmid (LTR p53cG) (Finlay et al., 1988) . These cells produce a mutant, temperaturesensitive, p53 with an alanine to valine change at codon 135. At 32.58C, the p53 135AV protein is predominantly in the wild-type conformation and resides in the nucleus, and the cells are growth arrested in the G1 phase. At 398C, the cells grow exponentially while p53 is localized to the cytoplasm and is in a mutant conformation (Martinez et al., 1991) .
All cell lines were passaged in Dulbecco's minimal essential medium (DMEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (30.4 mg/ml) and streptomycin (10 mg/ml) at 378C in a humidi®ed 8% CO 2 atmosphere.
Eukaryotic cell transfection
All transfections were carried out by a modi®ed calcium phosphate precipitation procedure (Chen and Okayama, 1987) . Cells were plated in 100 mm culture dishes at a density of 5610 5 cells per dish and incubated at 378C for 1 ± 2 days to reach 30 ± 50% con¯uency. About 3 h prior to transfection, cells were refed with 6 ml of fresh medium. 0.5 ml of 26BBS (50 mM BES, pH 6.85; 280 mM NaCl; 1.5 mM Na 2 HPO 4 ) was combined with 0.2 ml of either untreated or UV-irradiated CAT reporter plasmids (10 mg) and eector plasmids (1 or 10 mg of pSV.p53 wt/mts). If necessary, salmon sperm DNA was added to bring the total amount of DNA to 20 mg and sterile deionized water was added to bring the total volume to 0.9375 ml. This was followed by the addition of 62.5 ml of 2 M CaCl 2 with gentle vortexing. After adding the transfection mixture to each dish, plates were immediately tilted back and forth to spread the DNA evenly over the cells. The DNA precipitate was allowed to remain in contact with cells for 24 h before being replaced with 10 ml of fresh medium. Cells were harvested between 48 ± 60 h after the addition of DNA. There were at least two duplicates for each sample in each experiment.
CAT activity assays
Transfected cells were scraped o each dish and collected by centrifugation. Cell pellets were washed with phosphate buered saline (PBS) and resuspended in 0.25 mM Tris.HCl (pH 7.8). The cells were lysed by freezing and thawing three times in a dry ice-ethanol bath and cell lysates were cleared from debris by centrifugation at 12 000 r.p.m. for 5 min at 48C. Protein concentrations were determined with the use of a protein assay kit from Bio-Rad (Bradford, 1976) . CAT activity in the cell extracts was determined using the method described by Gorman (Gorman et al., 1982a) . Brie¯y, each assay mixture contained 200 mg protein, 20 ml of 1 M Tris-Cl (pH 7.8), 20 ml of 4 mM acetyl coenzyme A and 2.5 ml of 0.125 mCi D-threo-(dichloroacetyl-14 C) chloramphenicol (50 mCi/mmole, New England Nuclear) in a total volume of 200 ml. Reaction mixtures were incubated at 378C for 80 min. After chromatography and autoradiography, the acetylated spots on silica gel plates were quantitated for radioactivity by scintillation counting. Extracts from mock-transfected p53 and UV inactivation J Huang et al cells were used to deduce background values. CAT enzyme levels were expressed as a ratio of the acetylated forms of 14 C-chloramphenicol to the total radioactivity. Relative CAT activity was then calculated as a percentage of the experimental CAT value relative to control levels using unirradiated plasmids.
Preparation of T4 endonuclease V
The enzyme was extracted from E. coli containing a plasmid (ptac-denV), where the DenV gene is under the control of the tac promoter, using a modi®ed method described by Grafstrom and Nakabeppu (Grafstrom et al., 1982; Nakabeppu et al., 1982) . In brief, after the expression of the denV gene was induced with 0.5 mM of isopropyl b-D-galactoside (IPTG), cells were collected by centrifugation and lysed by sonication. The enzyme was puri®ed by chromatography on a DEAE-Sephacryl column, followed by Blue-Sepharose (Pharmacia), CMSephadex C-25 (Pharmacia) and Sephadex G-75 (super®ne) chromatography. The ®nal eluted enzyme was puri®ed to more than 95% purity as shown by silver stained gels. T4 endonuclease V activity was assayed by treating 1 mg of UV-irradiated superhelical plasmid with 1 ml of enzyme preparation. After incubation at 378C for 20 min, the generation of small DNA fragments was visualized by agarose gel electrophoresis.
Alkaline agarose gel electrophoresis
UV-irradiated plasmids were treated with T4 endo V enzyme as described above and DNA samples were subjected to alkaline agarose gel electrophoresis. At the end of the run, the alkaline gel was neutralized, stained with ethidium bromide (0.5 mg/ml) overnight and photographed under UV light. The number-average molecular weights (M n ) of single-stranded products were calculated after densitometric tracing of negative ®lms using ImageQuant software (Molecular Dynamics). The probability of DNA containing no pyrimidine dimers in the treated DNA was calculated from the zero class Poisson distribution: P=e 7n , where n stands for the average number of pyrimidine dimers per molecule.
In vitro transcription assay pRGC.FOS.T7.CAT contains two T7 RNA polymerase promoters that¯ank the CAT coding sequence and the 3' untranslated region; one is placed at the XbaI site between the minimal fos promoter and the CAT gene, the other is at the end of the 3' untranslated region and was inherited from pBluescript II SK + vector (Stratagene). The DNA template was linearized with BseR I, and freed from protein contaminants with the use of Geneclean kit (Bio101). In vitro transcription was carried out with a kit from Promega. The linear and heated (5 min at 658C) DNA template (0.25 mg in 10 ml) was mixed with 10 ml of 56 transcription buer (40 mM Tris.HCl, pH 7.5; 10 mM NaCl; 6 mM MgCl 2 ; 2 mM spermidine), 5 ml of 0.1 M DTT, 2.5 ml of RNasin (Promega, 20 u/ml), 2 mg of BSA, 20 ml of NTP mix (1 mM each of GTP, ATP, UTP and CTP), and 2.5 ml of T7 RNA polymerase (Promega, 20 U/ml) for 1 h at 378C. When synthesizing labeled transcripts, 10 mCi a 32 P-GTP was included in the reaction mixture. The DNA template was digested with 1 ml RNase-free DNase for 15 min at 378C, followed by puri®cation with a RNAaid kit (Bio101). Half of the product was loaded on a 2% agarose/l% formaldehyde gel.
DNA binding assays
Recombinant mouse p53 expressed in insect Sf9 cells was puri®ed by monoclonal antibody pAb421 anity-column chromatography. p53 was eluted with a buer of ethylene glycol (50% ethylene glycol; 20 mM Tris.HCl, pH 8.5. 500 mM NaCl; 1 mM EDTA; 1 mM DTT. 10% glycerol) or with a MgCl 2 buer (100 mM Tris-base, pH unadjusted; 3.5 M MgCl 2 ; 10% glycerol). The DNA binding assay was performed by incubating 100 ng of puri®ed mouse p53 with 32 P-labeled RGC double-stranded oligonucleotide
5'
GGACTTGCCTGGCCTTGCCTACAA 3' 3' TGTTCCTGAACGGACCGGAACGGA 5' 25 ng of monoclonal antibody pAb421 and 5X binding buer (50 mM Tris.HCl, pH 8.0; 120 mM NaCl; 0.5% Triton X-100, 5 mg/ml BSA, 50 mg/ml competitor DNA, 5 mM DTT) in a total volume of 20 ml. The reaction was incubated at room temperature for 30 min before it was run on a 4% acrylamide-Triton X-100 gel.
